Calprotectin is a calcium-and zinc-binding protein that is present in neutrophil cytoplasm and abscess fluid supernatants. This protein appears to inhibit microbial growth through competition for zinc; however, experiments to show that calprotectin can inhibit growth of microorganisms across filter membranes have yielded conflicting results to date. To prevent recontamination of the filtrate by zinc in this type of experiment, Candida albicans was cultured on filter membranes placed on top of an agarose gel containing calprotectin. In these studies, calprotectin in the gels underneath did suppress growth on top of the filters, an effect reversible by 30 p.M ZnS04' In other experiments, the protein did not adhere to the organisms and later suppress their growth. These results indicate that calprotectin inhibits C. albicans growth in the absence of direct contact with the organisms; the findings support a zinc-deprivation mechanism of antimicrobial activity for this protein.
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Neutrophil cytoplasm and abscess fluid supernatants have significant growth inhibitory activity against Candida albicans and a variety of other pathogenic microorganisms [1] [2] [3] [4] . This activity appears to be due primarily to calprotectin, a calciumbinding protein complex with a molecular mass of -36.5 kDa [5] that represents a major component of both human and mouse abscess fluid supernatants [2] . Because of its potent microbistatic activity, this protein could potentially be responsible for controlling the growth of pathogenic microorganisms in chronic infections that are associated with abscesses.
In addition to its well-described ability to bind calcium [5] , calprotectin has also been demonstrated to directly bind zinc [2, 4] . The latter capability is consistent with the zinc-binding activities of the related S100 calcium-binding proteins [6] . Several studies have demonstrated that calprotectin's growth inhibitory effects are entirely reversible by micromolar quantities of zinc [2, 4, 7] . This finding suggests that the protein may be competing with the organisms for this metal; on the other hand, zinc might interfere with a different mechanism of antimicrobial activity [8] . In fact, two studies have shown that calprotectin does not inhibit the growth of C. albicans when it is separated from the organisms using a filter membrane [4] or a dialysis system [9] ; therefore, some mechanism other than zinc deprivation was suggested. On the other hand, a third study using ultrafiltration did show that calprotectin inhibited C. albicans growth by chelating zinc [10] .
In the filter membrane or dialysis systems referred to above, the filtered fluid was held in a relatively large volume in some kind of vessel before being tested for its ability to grow the organisms. Previous work has demonstrated that zinc-depleted media may become contaminated by this metal while being manipulated in the laboratory, such as by pipetting [11] . Therefore, the conflicting results described above could have been due to zinc recontamination of the filtered medium in the systems used. The goal of the present work was to study calprotectin's effect on the growth of C. albicans across a filter membrane in a system in which recontamination of the filtered medium was unlikely. The ability of calprotectin to inhibit microbial growth without directly contacting the organisms would represent strong evidence of a zinc deprivation mechanism of action for this protein.
Methods
Organism. C. albicans 26310 was obtained from the American Type Culture Collection (Rockville, MD) and maintained by repeated subculture on Sabouraud dextrose agar slants. Before use in these experiments, the yeast cells were scraped from slants inoculated 3-8 days earlier and washed three times in normal saline. We have previously tested 3 other strains of C. albicans and found that all were similarly inhibited by calprotectin.
Medium. Yeast-nitrogen base (YNB) was prepared from its individual constituents as described [2] , with zinc being omitted from the added trace elements.
Human empyema fluid (EF). Four specimens of human EF collected from patients at the Milwaukee VA Medical Center were used. These specimens contained -25%-50% white blood cells by volume. The crude fluids were centrifuged at 1500 g for 40 min and then at 38,000 g for 30 min. Their supernatants inhibited C. albicans growth at dilutions of -1:50-1: 100; this effect was completely reversible by 10 u.M ZnS04 in each case (data not shown). The supernatants were stored in 30-mL aliquots at -70°C before use.
Purification ofcalprotectin. Calprotectin was isolated from EF supernatants using a protein purification system (FPLC; Pharmacia-LKB Biotechnology, Piscataway, NJ), with ion exchange and size exclusion columns as reported [12] . It should be noted that this purification procedure involved concentration of calprotectin with Diaflo membranes (Amicon, Beverly, MA) used in the system described below.
Membrane filter system. YNB with 0.9% agarose (Accurate Chemical and Scientific, Westhaven, NY) was autoclaved and then cooled to .~50°C before being added in 5-mL aliquots to 60-mm plastic petri dishes and allowed to gel. In some cases, either whole EF (1:5 dilution) or purified calprotectin (200 p.g/mL), with or without 30 p.M ZnS04, was added to the YNB-agarose solutions. Filter membranes with a cutoff of 3.0 kDa were cut into eight sections (~1 em in their longest dimension), washed in distilled water, and placed on top of the agarose gel. Dialysis tubing (Spectropor; Spectrum Medical Industries, Houston) with a cutoff of 3.5 kDa was first prepared by boiling for 1 h in 1 mM EDTA, followed by boiling for 2 h in distilled water to remove bound metals. The tubing was cut open lengthwise to form sections~1.8 X 2.5 em and then placed on top of the agarose gel as described above.
Alternatively, for some experiments the YNB-agarose mixture was poured into small plastic caps,~2.0 em in diameter, and allowed to gel. Sections of dialysis tubing 3.0 X 3.0 em were placed on top of the gel so that their ends overlapped the edge of the gel by at least 0.5 em to prevent diffusion of the calprotectin around the edge of the membrane and up to its top surface.
Inocula of 10 2 C. albicans cells in 1 pL of distilled water were placed into the center of each filter membrane to be tested. After 48 h of incubation at 37°C, the filters were removed from the agarose gels and rinsed in 1.0 mL of distilled water. The number of yeast cells in the rinse water was determined by counting them microscopically in a counting chamber. The data were expressed as 10glO of the number of cells growing on the filters.
Assay for calprotectin on filter tops. In these experiments small pieces of nitrocellulose papers (~0.5 X 0.5 em) were placed on top ofthe membranes or pieces of dialysis tubing on the agarose gels as described above. Control nitrocellulose papers were put directly on top of the agarose. Baseline values were obtained using filters on agarose without EF. After 24 h of incubation at 37°C, the nitrocellulose papers were removed and stained for calprotectin by using a specific monoclonal antibody (Mac 387; Dako, Carpinteria, CA) as described [12] . The papers were subjected to scanning densitometry in a densitometer (Hoefer Scientific Instruments, San Francisco), and the values for peak heights were expressed in arbitrary units.
Adherence experiments. To test the ability of calprotectin to adhere to the surface of C. albicans and inhibit its growth, an inoculum of 10 4 yeast cells was added to 2.0 mL of a 1:20 dilution of EF in Sabouraud dextrose broth and allowed to settle at 30 0 e for 2 h. Then the supernatant was carefully aspirated (without mixing the pellet of yeast cells) and new medium was added. The latter was either plain Sabouraud dextrose broth or that broth containing new EF at the 1:20 dilution. The samples were mixed and incubated at 37°C for 24 h, at which time the number of yeast cells growing in the cultures was determined microscopically using a counting chamber. The data were expressed as 10glO of the number of cells growing in the cultures. 
Results
Growth of yeast cells on top of both kinds of filter membranes was significantly inhibited when either EF or purified calprotectin was present in the agarose gel underneath. This inhibition was evident by observation of the visible growth on the filters or by counting the yeast cells washed off them (table  1) . This effect was reversed for the preparations containing EF when 30 p.M ZnS04 was added to the agarose gel medium. When the membranes were allowed to overlap the edges of the gel underneath to prevent diffusion of calprotectin to the top surface, the growth-inhibitory effect of the protein was still apparent.
In addition, the quantity of calprotectin diffusing into nitrocellulose papers placed on top of the filters was measured in 6 experiments. The values obtained for the membranes and dialysis tubing were 5.8 ± 0.5 and 8.0 ± 1.5 U, respectively, compared with 25.2 ± 3.3 U for the positive control, in which the paper was placed directly on the agarose, and 6.7 ± 2.8 U for the negative control, in which papers were placed on agarose without EF. The values for both kinds of filters were significantly smaller than that of the positive control (P < .001 in each case) and not significantly different from those of the negative controls.
Limits of detection in this system were compared with antimicrobial activity against C. albicans in 6 experiments using two different calprotectin preparations; the calprotectin assay detected 20.5 ± 16.0 j.lg/mL versus 133.3 ± 21.1 j.lg/mL required to produce 50% reduction of growth. Therefore, the Table 2 . Inability of calprotectin from empyema fluid supernatants (EF) to adhere to the surface of C. albicans.
NOTE. Data are no. of yeast cells growing in cultures after incubation, followed by removal of supernatant and replacement with indicated solution. Results are from 3 experiments using 4 supernatants in each experiment. Growth of organisms when medium (M, Sabouraud dextrose broth) was not replaced was 6.7 ± 0.1 (log., ± SE) yeast cells/mL. EF was at 1:20 dilution. P *<.001 and i-..o: vs. medium alone.
In the present study, calprotectin inhibited the growth of yeast cells (C albicans) when it was separated from the organisms by filter membranes that excluded the protein from their top surfaces. Since the organisms were growing in the small amount of fluid diffusing upward through the membrane from the gel solutions underneath, it is apparent that calprotectin was acting through its effect on some substance small enough to pass through the membrane. Several lines of evidence from previous studies indicate that this substance is zinc. If calprotectin were acting through some antimicrobial mechanism that did not involve competition for some low-molecular-weight growth factor such as zinc, the protein would probably have to directly contact the organisms to be effective. Other investigators have found that calprotectin does not adhere to the surface of the target microorganisms [3] . A different adherence assay used in the present study also did not show any association of calprotectin with the surfaces of the organisms. Therefore, these results indicate that this protein inhibits C albicans growth without directly contacting the organisms, apparently by binding the zinc that the organisms need for proliferation.
Zinc is a critical growth element for all living things, although the quantities required by most microorganisms are very low [13] . This metal is essential for the function of a variety of enzymes required for proliferation [14] and has a stabilizing influence on nucleic acids, ribosomes, lysosomes, microtubules, and cell membranes [15] . As discussed above, previous studies have yielded conflicting results on the ability of calprotectin to inhibit C albicans growth when it is either removed from the medium by filtration or separated from the organisms in a standard dialysis system. Since recontamination ofthe filtered medium by zinc from the walls ofthe vessels used to contain the filtrates was a possibility in such experiments, the present system was designed to prevent this problem by growing the organisms on the small amount of filtrate passing through a filter membrane placed on top of an agarose gel containing calprotectin.
Our results strongly support competition for zinc as the mechanism of antimicrobial activity for calprotectin. Considering that this protein is a prominent component of whole abscess fluids [2] , this finding suggests that the organisms contained in abscesses in vivo may be zinc-deficient. Replaced with Malone assay method was capable of detecting quantities of calprotectin that could produce the antimicrobial effect. Both kinds of filters were also tested in 4 experiments after C albicans had been grown on them for 24 h. When the membrane and dialysis tubing filters were assayed for calprotectin, they contained 4.8 ± 0.8 and 10.8 ± 5.5 U, respectively (P not significant in both cases), indicating that their integrity had not been damaged during the incubation.
Taken together, these results indicate that calprotectin inhibited growth of C albicans through the filter membranes without directly contacting the organisms.
In experiments designed to determine if calprotectin could adhere to the surface of the organisms, an inoculum of C albicans was added to diluted EF in Sabouraud dextrose broth and allowed to settle. As shown in table 2, the growth-inhibitory effect of these EF preparations was eliminated when the supernatant over the yeast cell pellet was gently aspirated and replaced with fresh medium not containing EF. Therefore, the calprotectin in these samples did not appear to adhere to the surface of the organisms, even in this system in which there was no washing to remove the unbound protein. 
